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We investigate the evolution of elementary excitations at a doped polar semiconductor surface in a
depletion-layer formation process. The elementary excitations analyzed are two coupled plasmon-phonon
modes and a surface optical-phonon mode involving screening charges. Surface excitations of free carriers are
calculated by taking account of the Coulomb interaction between carriers, the dynamical exchange-correlation
effect, and the coupling with surface polar phonons, on the basis of thermal-equilibrium states calculated
self-consistently by the local-density approximation. We focus our attention on the coupling character and the
spatial structure of each surface-excitation mode, as well as the energy dispersion and the energy-loss intensity
involved in the excitation. The induced charge-density distribution in the excitation mode is composed of a
carrier component due to carrier density fluctuation, a phonon component arising from longitudinal polar-
phonon polarization, and two on-surface components originating from the termination of the polar phonon and
background polarization at the surface. The coupling character is elucidated by the phase relation and the
amplitude ratio among these induced charge components. The spatial structure is visualized by the contour map
of the induced charge-density distribution. We follow the variation in the coupling character and the spatial
structure in the depletion-layer formation process. Our analysis gives a clear explanation of the variation in
each of the three loss peaks in the electron energy-loss spectrum.
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I. INTRODUCTION even at the lowest exposures?® These results indicate that
H atoms can bond to both the Ga and As surface atoms even
Adsorption on a doped semiconductor surface often inin the smallest coverage range. With the midgap surface
duces a gradual formation of a carrier-depletion or carrierstates induced, some electrons in the conduction band drop
accumulation layer at the surface. Hydrogen adsorption oflto these surface states, which create a carrier-depletion
an n-type GaAs (110 surface is a typical case of the layer. Therefore, hydrogen adsorption on mitype GaAs
depletion-layer formation. As shown experimentiifiand (110 surface causes a gradual formation of a carrier-
theoretically?=® on a relaxed cleail10) surface of GaAs, depletion layer at the surface with an increase in coverage.
the Ga and As atoms in the top layer are displaced toward th&"€ H coverage becomes close to one monolayer only after

. 26 .
inside and into the vacuum, respectively, and the neighboﬁ—tg4 I?_rr:gmlélr(L)f orso muih :xp:josm:r@ee ITabIe lin Reé.
ing Ga and As surface atoms form a relaxed dimer. This1 ). The above formation of the depletion layer proceeds at

. . h lower ex res, namel ver much smaller
surface relaxation entails electron charge transfer from th uch lower exposures, namely, at coverages much smalle

. . . an one monolayer.
Ga atom to the As atom in the dim®ms required by the
. : In contrast to the cleafl10 surface where the surface
electron-counting modéf:!* This model asserts that all As (@10 su W .

) : ! . relaxation prevents the appearance of surface states, the
dangling bOUdS be terminated by electr_on lone pairs, Wh'l%lean GaAs(001) surface already has surface states in the
all Ga dangling bonds be empty. Accordingly, there occur NGy gap, which leads to the formation of a depletion layer.
surface states in the band gap. Howeve_r, wh(_en a hydrogefhe molecular-beam-epitaxMBE) grown (001) surface of
(H) atom bonds to one of the relaxed dimer, it operates tq goped GaAs is reported to have a substantial depletion
remove the relaxation of the dimer, which results in the apiayer?”?® To prevent contamination and damage on the
pearance of a midgap surface state from the other atom gfiBE-grown surface, Gray-Grychowskit al?” employed a
the dimer. The fact that H adsorption removes the SUI’fanrotective_overlayer technique, and Noguchi, Hirakawa and
relaxation is supported both experimentlly® and  |koma?® examined a pristine surface immediately after MBE
theoretically®-24 growth without exposure to air. In view of these careful
The theoretical calculation for the case of submonolayetreatments, the above-mentioned surface states are consid-
H coverages in Refs. 22—24 provides a clear picture of thered to be intrinsic to the cleai®01) surface. Furthermore,
above-stated derelaxation. As shown by the self-consisterthe clean(001) surface ofn-type InSb is also reported to
pseudopotential method, there is just a little difference irhave a considerable depletion lay&r®
binding energy between the Ga-H bond and the As-H bond The carrier density distribution and the effective one-
at the surfacé®?* On the experimental side, by means electron potential in the absence and the presence of a sur-
of high-resolution electron energy-loss spectroscopyface space-charge layer can be calculated self-consistently by
(HREELS, one can detect both the Ga-H and the As-Hseveral schemes. To perform self-consistent calculations
stretching vibrations in an energy region of 200—300 meWvith reasonable efforts, carrier charges in surface states are
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so often replaced by a uniform distribution of surfaceof the surface to the external potential. In Ref. 35, to analyze
charges. One of these schemes is a Hartree calculation erieir experimental result, Chesat al. calculated EEL spectra
ploying a parametrized Morse potential for the effectiveby using a semiclassical local-response thédnjt each
potential’}*? This parameterized scheme facilitates self-stage of the formation process, they estimated the depletion-
consistent calculations of semi-infinite systems. Anothefdayer thickness by fitting calculated spectra with experimen-
scheme is a complete Hartree calculation of a carrier systetal ones. In some other theoretical studies, the random-phase
in a semiconductor film>=° In this scheme, the effective approximation(RPA) is employed to take nonlocal effects
potential is calculated numerically without parametrizing it.into consideration. In Ref. 39, to examine the experimental
One can obtain a self-consistent solution more easily by theesult of then-type GaAs(001) surface with a depletion
film geometry than by the semi-infinite one. A recent one islayer?’ Inaoka and Chihara calculated EEL spectra by com-
a local-density-approximatiofLDA) calculation of a carrier bining the RPA calculation with Schaich’s schefflélhey
system in the semiconductor filfi.By this scheme, the used a simplified model where carriers are confined by an
present author has investigated the evolution of electromfinite potential barrier at the interface between the semi-
states at the surface in a depletion-layer formation process. infinite system and a carrier-free layer placed on it. This
this calculation, the film thickness is taken to be so suffi-calculation includes coupling of plasmons with polar
ciently large that the carrier-density distribution at the film phonons. In a more realistic treatment, the eigenfunctions in
surface becomes equivalent to that at the surface of the senthermal equilibrium calculated self-consistently are em-
infinite system, even in the presence of a thick depletiorployed in the RPA calculation of surface excitations. In Ref.
layer. The result of this calculation provides a numerical ba41, using the thermal-equilibrium states calculated by a pa-
sis for the present work of calculating surface excitationgametrized Hartree scheme, Ehlers and Mills investigated the
guantitatively. energy dispersion and the Landau damping in surface plas-
The existence of the depletion layer at the surface exerts mons of semi-infinite systems in the presence and the ab-
significant influence on surface excitations of carriers oftersence of a depletion layer. They presented the energy disper-
coupled with surface polar phonons. By means of HREELSsion for some carrier concentrations. Although they
one can observe these coupled surface-excitation modes @&insidered the coupling of plasmons with polar phonons in a
the n-doped GaAgq110) surface in the depletion-layer for- part of Ref. 41, it is restricted only to the case of no depletion
mation process induced by H adsorptf8ri>>’Particularly, layer. In Refs. 42 and 43, assuming a semiconductor film
in Ref. 35, the remarkable variation in the EEL spectrumwith and without a depletion layer at each surface, Streight
with exposure to hydrogen clarifies the evolution of theand Mills analyzed the energy dispersion of surface plas-
coupled surface modes in the depletion-layer formation promons, and the resonance feature of the surface energy-loss
cess. In these spectra, three loss peaks are clearly resolviohction along the plasmon-dispersion branch. In this RPA
because of the suitable choice of the doping level. Thealculation, they employed the numerical result of a com-
higher-energy and the lower-energy ones of the three peakdete Hartree calculation of the thermal-equilibrium states.
are attributed to the coupled carrier plasmon-polar phonoBecause of a film geometry, surface plasmons on both sides
modes, and interior excitations below the depletion layenf the film interact considerably with each other. Their
play the leading role in these modes. The intermediate pea#nalysis takes no account of the coupling of plasmons with
is ascribed to the surface optical-phon@fuchs-Kliewey  polar phonons. Incidentally, Refs. 41 and 43 mentioned
mode that undergoes the screening effect due to the presenakove also include an analysis of surface plasmons in the
of carriers. The phonon polarization active between the surpresence of a carrier-accumulation layer.
face and screening charges below plays the principal part in In the present paper, we examine the evolution of the two
this mode. coupled plasmon-phonon modes at the surface and the sur-
At a lower or higher doping level, there appear only twoface optical-phonon mode involving screening charges in a
loss peakgand sometimes their multiple-loss pepks the  depletion-layer formation process. These surface excitations
EEL spectrum. At the lower doping levél, the lower are calculated by means of the time-dependent LDA scheme
coupled mode considerably below the polar-phonon energgn the basis of the numerical result of the thermal-
regime acquires plasmon character, and the upper couplegjuilibrium states obtained from the LDA calculation in Ref.
mode and the optical-phonon mode involving screening36. We pay special attention to the spatial structure and the
charges coalesce into a single loss peak. At the higher dopingpupling character of the surface excitations, as we did in
level 2 however, the upper coupled mode becomes plasmorRefs. 44 and 45 for the surface without a depletion layer and
like, and the lower coupled mode has its weak intensity burwith a flat band assumed. The spatial structure can be visu-
ied in the intermediate loss peak or in the tail of the quasi-alized in the contour map of the induced charge-density dis-
elastic peak. In passing, surface excitations on the cleatribution. The coupling character can be clarified by decom-
n-doped GaAg001) or InSh (001) surface with its intrinsic  posing the induced charge-density distribution. The induced
surface states in Refs. 27—30 correspond to the latter case ciiarge density below the surface can be resolved into the
the higher doping level. carrier component due to carrier density fluctuation and the
In relation to EELS measurements, there have been seyphonon component arising from longitudinal polar-phonon
eral theoretical studies that are centered on calculating thgolarization. The induced surface-charge density originates
surface energy-loss function. This function indicates the infrom the termination of the polar-phonon and background
tensity of the energy loss involved in the dynamical responsg@olarization at the surface, and so it can be decomposed into
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the phonon component and the background one. The coun these equationsjpg, and V denote the induced charge
pling character shows itself in the phase relation and thelensity due to carrier density fluctuation and the self-
amplitude ratio among these components in spatial variatiooonsistent total potential, respectively. Complete forms
along the propagating direction. We analyze the variation i'V(Q,z,w), dpg (Q,z,w), andx(Q,z,z',w) are abbreviated
the spatial structure and the coupling character in theasV(z), dpg (2), andx(z,z'), respectively. The second and
depletion-layer formation process. In passing, a preliminarfourth terms on the right-hand sidehs) of Eq. (1) represent
report of the present paper is already presented in Ref. 46.the induced Coulomb potential due &g, and the dynami-
cal exchange-correlatiofXC) contribution in the LDA, re-
Il. THEORY spectively. The sum of the first and third terms on the rhs of
Eq. (1) with a common factoe®? is made up of the external
In this section, we describe a theoretical framework forpotential and the induced potential due to the termination of
the following analysis. Our carrier system is assumed to bghe polar-phonon and background polarizatiorzat0. By
in a uniform background that is electrically positive owing to means of the Lorentzian oscillator model, the polar-phonon
ionized donors and whose polarization is described by a diand background polarization is incorporated into this equa-
electric function. Inn-type polar semiconductors with large tion in the form of the dielectric function
effective Bohr radii, such as-GaAs, n-InAs, andn-InSb,
increasing the doping level readily leads to such a high ef- (eo—ew)wToz
fective density of carriers that an impurity band due to do- epy(®) =g+ .
nors merges into the conduction band. In this case, ionized wro — W Tlyw
donors can be spread out into a uniform distribution of posi- . i ) .
tive charges. In the presence of the surface, the carrier de? this equation,wro is the transverse optical-phonon fre-
sity falls and vanishes at the surface. The characteristifuency of long wavelengthe.. and &, are the high-
length to describe this density fall near the surféseveral frequency and static dllelectnc constants, re§pect|vely,)and
tens of A or~100 A) is much longer than that needed to IS the phqnon relaxatlon—ratg constant. This Ipcal—response
describe the penetration of electronic states into the vacuugcheme gives a good description of our excitation modes
(~A). Accordingly, we can assume an infinite potential bar-where the spatial variation is slow on the scale of lattice
rier at the background surface, and can impose a boundaféPnSFamS- In the XC termjVyc| pe(2) 1/dpeL denotes the
condition that envelope functions of carriers vanish theredensity ~derivative of the XC potential in thermal
When some carriers in the conduction band fall into surfac€auilibrium;™ wherepg, (2) is the carrier charge density at
states in the band gap, the surface becomes negativel§ thermal equilibrium. For the exchange part\yc, we
charged, and a carrier-depletion layer is formed right on th€mploy a finite-temperature formula in Ref. 48 with the Ry-
inside of this negatively charged surface. We describe thesdPerg unit replaced by the effective Rydberg unit. The ex-
carriers in surface states by a uniform distribution of surfacélicit form is given by Eq.(9) in Ref. 36. For the correlation
charges that extends just outside and along the backgrour@'t inVxc, we adopt a zero-temperature formula in Ref. 49,
surface31—36 because there seems to be no handy formula that allows for
We calculate the dynamical response of the surface withemperature effects, and our carrier system is relatively well
or without a depletion layer to a periodic and oscillatory degenerate. This correlation formula produces no artificial
external potential that has surface-parallel wave ve@tand  discontinuity in its density derivative, because it is expressed
angular frequency». This dynamical response involves the by a single analytic function up to such a high effective
coupling of surface excitations of carriers with surface polardensity that the effective density parametgrbecomes less
phonons. The axis is taken to be normal to the surface sothan unity. Here, the parameter} is defined by
that the semi-infinite material extends in the regior0.  (4/3)w(r¥a%)3n=1 with the effective Bohr radiua} and
When the external potentidl is produced by external the carrier density. The familiar formula in Ref. 50 leads to
charges outside the material, this potential penetrates into théiscontinuity atr¥ = 1, because two different analytic forms
material likee®Z The dynamical response of the surface cangre employed for a lower-density range with>1 and a

()

be described by the following pair of equations: higher one withr ¥ <1. Equation(2) implies that the induced
o charge densityspg, arises from the response of our carrier
V(z)=V(0)e system to the total potentidl. The susceptibilityy is ex-
. 1 2x fo 477 s (1) pressed a3
Y ze PeL(Z
SPH(w) Q —® X(Z,Z,)
0 , Vv z "_
_eQZf dz’eQZ 5pEL(ZI) +M5PEL(Z) :2822 f dZK f(K+Q,V ) f(K,V)
— IPeL = ) o E(K+Qv)—E(K,»)+ho+iy
1
W X4 (@)L (D). @
0 . . -
SpeL(2) = f dz' x(z,2/\V(Z'). (2)  Eacheigenstate is specified by a surface-parallel wave vector
— K and a quantum number for surface-normal motion of
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carriers. The symbol&(K,») andf(K,v) signify the energy ~ Which gives the integral value
and the average occupation of eigenstaie (), respec- d
(44

. . 0 —-D, 0
tively, andE(K,») is expressed as j Zkz(z)dZ:f Zkz(z)dﬁf Zkz(z)dz=L+ i
-L —-L -D
E(K,v)=/%K?2m* +E,, (5) (9)

in terms of the effective mass’* and the surface-normal By recalling that,(z) is normalized by its integral over a
componentE, . The function,(z) is the surface-normal range—L<z=0, we find the relation

component of the eigenfunction f&,, » is a very small

positive constant, an@(>0) is an absolute value of the ~
electronic charge. In Ref. 36, using the LDA, the thermal- d)={ L+ dk

equilibrium states have been calculated for a value of the -

depleted carrier density given at each stage of the depletior@n the cher hand, from the boundary cond_ltlorzat—L,
layer formation process. The depleted carrier denifyis W€ obtain the spacingk between neighboring allowekd

defined by values as

1/2

4d2). (10

0 7T
Ne= [ Ino=n(zlaz ®) = daldk 1y

in terms of the donor density, and the carrier-density dis- The summation over mobile statlein Eq. (4) takes the form

tribution n(z) (= — pgL(2)/€) in thermal equilibrium. Eigen-

functions¢,(z) and eigenvalueg, are obtained in this cal- XmotZ.Z') =2 Alz.2') (242, (12
culation. Eigenfunctiong,(z) and eigenvaluek, are given :

by solutions of the Schainger equation with an effective which changes into & integral

potentialVo; determined self-consistently:

1 ©
h2 d2 Xmok{Z,Z’)=;J’ dk
~ o g2 T Vel(2) | {(2)=E,{,(2), (7) 0

da

L+ @)Aka,z')zk(z)zk(z'),
(13

where we measurd,; from its value forz— —o. Thevor  Wwith the aid of Eq.(11). In view of Eq.(10), Eq.(13) can be
v’ sum in Eq.(4) is performed over bound states wiy, ~ rewritten as

<0, if present, and mobile states with,>0. To facilitate 1

the summation over mobile states, we impose a boundary ne = [T N (NTF (o
conditionZ,(—L)=0 with a quantization length, and take Xmot 2,27) = fo dkA(22)0(2)0d2). (19
the limit of L—o at the final stage. It is convenient to em- ~

ploy wave numberk defined by ?k?/2m* =E, instead ofy T introduce(y(z) is quite helpful in summing over mobile
and to expresg, as .. Following a manipulation in Ref. states in Eq(4). For each surface mode specified Qyand
31, we can convert the sum over mobile states intolka @ We can obtair/(z)/V(0) andspg (2)/V(0) as functions
integral. For each eigenfunctiafy(z), we define a function Of Z by solving the pair of Eqstl) and(2) self-consistently.
7(2) that is proportional toz(z) and which varies as The dynamcal response qf the surface entails mduced
12 sifkz—a(K)] for z— — . We take such a large distance charges, which generate an induced Coulomb potegtial

~ . . We let V¢ signify the sum ofU and ¢. If we define the
D that {.(z) becomes substantially equal te2 sifkz surface dielectric functioe<(Q, ) by52
—a(K)]in a regionz< —D, and simultaneously let the length

L(>D) be sufficiently large so tha(z) can be treated as a _ epH(®)
smooth function ok in a range—D=<z=<0. Here, we con- es(Quw)= QV(0)

sider Eq.(7) with £, andE, replaced byZ, and7#?k?/2m*,
respectively. By subtracting E7) multiplied by 97, (z)/dk
from thek derivative of Eq.(7) multiplied by Z,(z) and by

i V
97 c(2)

, (15
z=-0

the induced Coulomb potentiab outside the material z(
>0) can be related to the external potentiaby

integrating the resulting equation im from z=—-D to z es(Q,w)—1
=0, we can obtain the relation: $(2)=— WU(O)G_QZ- (16)
0. 1 (o d ~ & In E
2 _ 7. o gs. (15 and (16), the complete formsVq(Q,z,w),
f,ng (z)dz= 5 fﬁDdZ (ak §k(z)”az2 gk(z)] #(Q,z,w), andU(Q,z,w) are contracted t&/(2), ¢(2),

andU(z), respectively. In deriving Eq16), we employ Eq.

(15 and the continuity of the component of the electric

displacement at=0. The prefactor wittx 5 on the rhs of Eq.

] (16) is a familiar form in the image method of electrostatics.

D+ da sif2(kD+a)] ®) In terms of Spg (2), the surface dielectric function defined
dk 2k ’ by Eq.(15) can be written a8

Jd 9

~ U2 5~ 4(2)
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4 0 '
es(Q,w)=gepy(w)— - f,wdz,eQz o

Here, we note that/ becomes equal t¥/¢ at the surface

=0 where dpg_ vanishes. Surface excitations involve the
energy loss that is equivalent to the work performed by ex-
ternal charges against the induced Coulomb potential. The
energy loss per unit time and unit surface area is expressed

as

W=(Qa/m)|U(0)[*Im[ - ¢(0)/U(0)], (18

where Im denotes the imaginary part. In view of this expres-

sion, we define the surface energy-loss functdi®Q,») by
F(Q,w)=Im[—¢(0)/U(0)]=Im[—V(0)/U(0)],
(19
which can be rewritten as

F(Q,0)=Im[—2es(Q,w) +1}],

with the aid of Eq.(16).

The induced charge densityp below the surfacez<0)
is composed of the carrier componefig, due to carrier
density fluctuation and the phonon componépty arising
from longitudinal polar-phonon polarization:

(20

Op= OpeL+ SppH- (21)

PHYSICAL REVIEW B63 165322

and
B e,—1] 0
o86(Qw) =~ ——|--Vc(2) .
Q e.—1
Z—EW%(QJU)V(O), (27)

where definition ofeg(Q,w) in Eq. (15) is used. These two
components are related to each other by

epH(®) — &

e —1 a6(Q,0). (28)

opH Q,w) =
The coupling character in each surface mode can be eluci-
dated by the phase relation and the amplitude ratiémf

and Sppy and of ogg and opy. The induced Coulomb po-
tential ¢(0) in Eq. (19) can be decomposed into contributions
of dpeL, dppH, opH, andogg:

#(0)= e (0) + dp(0) + dsp 0) + dspd(0).  (29)

The first two componentgg (0) and ¢p(0) due todpg,
and dppy, respectively, are expressed as

1 277 0 ’
de (0)= PSre) j_de,eQz dpeL(Z'), (30

and

On the basis of the Lorentzian oscillator model, the polar-

phonon polarizatiofP(r,w) is given by

(010’ — 0?—iyw)P(r,0)=— fo o’ gradVe(r,w),
(22

4
and this polarization yields the induced charge density

epH(®) — e
TAVC(I’,(U).

(23

By combining this equation with Poisson’s equation

Oppu(r,w)=—divP(r,w)=

—ep(@)AVc(r,w) =47 ope (T, 0), (24

1 27 (0 ,
dpH(0) = gafﬁxdz/em Sppr(Z'). (31

The other componentésp{0) and ¢spc(0) generated by
opy and o, respectively, are written as

¢sp0)=(27/Q) op(Q, ), (32

and

¢s86(0)=(27/Q) rpa(Q, w). (33

By substituting Eq.(29) into Eq. (19), we can resolve the
energy-loss intensity into contributions &pg, , dppH, TpH,
and OBG-

If we have thex axis oriented to the direction @@, we

and by adopting partially Fourier-transformed representationgan build up the spatial distribution & ando in a surface

we can obtain the relation betweépg, and pp as

epH( W)~ &
W%EL(Q,Z@)-

Termination of the polarization at the surfaze 0 produces

oppH(Q,Z,0) = — (25

the induced surface-charge densitywhich consists of the

mode ofQ andw as
5p(x,2)=6p(Q,z,w)eP+c.c., (34)
and

o(X)=0(Q,w)eP+c.c., (35)

componenirpy due to the polar-phonon polarization and the respectively. Here, the symbol c.c. designates the complex-
componentogg owing to the background polarization de- conjugate term. The spatial structure of each surface mode

scribed byes.,. These two components are expressed as

opH(Q,w) = — —SPH(:);_ &

_ g epH( @)~ &

C 4n epH( )

es(Qw)V(0), (26)

can be visualized by the contour map &(x,z) and the
variation ino(x).

In n-type polar semiconductors suchm@ssaAs, n-InAs,
and n-InSb, the conduction-band dispersion is appreciably
or highly nonparabolic, though it is almost isotropic. This
nonparabolicity has a significant influence on excitations of
carriers. Excitations in the conduction band are made up of
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electronic transitions around the Fermi leyel if the mo- . RESULTS AND DISCUSSION
mentum transfer in these transitions is not so large. There-
fore, we should use the effective mas$ determined from
the energy dispersion around Here, we consider the dy-
namical response of a carrier system in the bulk to a periodi

Zﬂdu?asrcyrftzgns)(te;ﬂil irﬁ)gltjire]:tcljanl:hv:rthevégiigf C?ra(g)d n-type GaAs(110 surface induces a gradual formation of a
'9 4 w. 1Ne 9 el carrier-depletion layer at the surface. Our calculations deal
arises from the dynamical response of the carrier system t0

i S . with this case. The donor density, and the temperaturé
the total pptentlal/(q,g)), which is co'ns.tltuted of the exter- are taken to ba,=1.3x 10cm 3 and T=300K, respec-
nal potential and the induced potential:

tively, corresponding to the HREELS measurement in Ref.
35. Other parameter values are chosen to rb&/mg

By means of the theoretical framework in Sec. I, we

examine the evolution of elementary excitations at a doped
golar semiconductor surface in a depletion-layer formation
process. As stated in Sec. I, hydrogen adsorption on an

opeL(0, @) =x(q,@)V(q,). B0 ~0.0702, £,=12.85, £,=10.88, fwo=233.25meV, 7
The susceptibilityy(q,») is expressed &% =0.05meV, and: y=0.05meV, wheren, denotes the free-
electron mass. As mentioned in Sec. Il, the effective mass
d3k F(k)—f(|k+q) m* is determined by taking account of appreciable nonpara-
x(9,w)=2¢€? bolicity of the conduction-band dispersion. The energy dis-

3 —,
(2m)° E(K) ~E(lk+a) +ho+iy persionE(k) in Eq. (39) has been calculated by using the

(37) band gap Eg=1.423eV, the spin-orbit splittingAgg
whereE(K) is a nonparabolic but isotropic dispersion of the =0-341€V, and the band-edge effective mass;
conduction band, and(k) and » denote the Fermi-Dirac :0-06*32“0- The above values Qfo_, &x, hwto, Eg, Aso
distribution function and a small positive constant, respecandmg/mg are quoted from a review on GaAs of Ref. 56.
tively. In the long-wavelength limitd—0), Eq.(37) takes By using the Lyddane-Sachs-Teller relation, we can obtain

the same form as for a parabolic dispersion, the longitudinal optical-phonon energy of long wavelength
asfiw o=36.14meV. The above values of* ande, give
No€2q? the effective Bohr radiuaj = £,/ 2/m* €= 9.68 nm, and the
x(q,0)~ m ' (39 above carrier densitg, corresponds to the effective density
parameter; =0.587. Thisr} value smaller than unity indi-
if the effective massn* is defined by cates that our carrier system has a considerably high effec-
tive density. We employ considerably small values for
1

B w dE(K)]? relaxation-rate parametersandy so that we can readily find
= Wf dk sz(k)[l—f(k)][w} when the Landau damping begins to broaden the resonance
T Mo Jo peak inw dependence of.
(39 As shown in a clear manner both experiment&llgnd

; 4,45 . g
In Eq. (39), the symbolg is defined bys=1/kgT in terms of theoretically***° there are three distinct coupled surface

the Boltzmann constarkg and the absolute temperatufe msg;? thee?r??elge? f'r}:gesgri'gt;?;ittootlhaéggéfg'ogi'SV\g:sion
The effective massn* in Eq. (39) is determined by the 9 gy Y, gy disp '

energy dispersion aroung, because the factof (K)[1 the coupling character, and the spatial structure of each of

(k)] becomes appreciable aboukaalue corresponding the three modes in the depletion-layer formation process.
to w. In the low-temperature limit{—0), Eg. (39) is re-

m*

duced to the simple forrfi A. Higher-energy modeA
1 1 [dE(K) This is the higher-energy one of the two coupled
—= 2_[_} , (40)  plasmon-phonon modes. Figure 1 shows &eependence
m kg | dk k=ke of the surface energy-loss functidhat the surface-parallel

wave numbeQ=1x10°cm ! (a), 3x10Pcm* (b), and 5
wherekg is the Fermi wave number. The energy dispersionx 10° cm ™ (c). The numeral 0, 1, 2, or 3 on each curve with
E(k) can be obtained by usinglka p method in Ref. 55. In calculated points on it indicates the depleted carrier density
this method, we can gd(k) for eachk only by solving an N in units of 1d?cm 2. Each panel represents the variation
algebraic equatiofisee Eq.(10) in Ref. 55. By using m* in the resonance peak corresponding to the made the
defined by Eq(39), we can incorporate the nonparabolicity depletion-layer formation process. We should note that, in
effect into our parabolic calculational scheme, and can gaipanel(c), theF values forNs=0 cm 2 are scaled on the right
the correct energy of bulk carrier plasmon wihk-0 corre-  ordinate, while those for the othBl; values are graduated on
sponding tony. As mentioned in the following section, the the left ordinate. With formation of the depletion layer, the
energy of surface carrier plasmon witQ=0 is slightly  semi-infinite carrier system retreats from the surface into the
lower than or almost equal to the above energy of the bulldepth, and surface excitations of this carrier system begin to
carrier plasmon. Therefore, the effective mass in &9) suffer from the effect of the polarized depletion layer made
also provides the accurate energy of the surface plasmon wf the dielectric medium. The mode energy shifts downward,
the long-wavelength limit. and the energy-loss intensity declines with increasiJrat
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105 et [ 0 1
= m I ]
5ol (@)Q=1x10°¢ 0 55 _
Ns(10'2 cm?2) i
40r 1 < el 1
(19 2 % 50: D\D_D/D/D/
I i g ; \\._/'/'/ 2
T E 45; \\\‘\o—/'/é J
10r - 12 2\
L Ns(10' cm™)\
%6 47 48 49 50 51 W1 2 3 4 5 6 7
ho(meV) Q 0° cm")
50 F(b) a _‘3 ><1OI5 cm"i 0 FIG. 2. Variation in the energy dispersion of the madl& the

depletion-layer formation process. Each series of connected points

4 -
0 shows the energy dispersion for the depleted carrier demsity
30l specified in units of 1¥Fcm™2
w Ns(10'2 cm™2) _ _ _ _
20 considered to become broader with further increa<@. ifhe

above peak broadening can be ascribed to the Landau damp-

I 1
2
10r 3 1 ing, namely, the effect of single-particle excitations on plas-
mons. The Landau damping begins to operate more effec-
44 46 48 50
)

0 52 tively with a decrease in the mode energy, particularly at a
largerQ value.

ho(mev We can obtain the energy dispersion by locating the peak

40 e 25 position ofF at variousQ values. Figure 2 displays the varia-
_ 5 .1 0 tion in the energy dispersion in the depletion-layer formation
(c) Q=5%X10"cm . L
gt 120 process. Each connected series of calculated points indicates
- the energy dispersion for the depleted carrier denbity
6r 115 specified in units of 1% cm™2 In our considerably high car-
L rier concentration, the energy of the mo#las significantly
4r 110 higher than the phonon energy regime, and as shown below,
plasmon character becomes influential in this mode. In the
2r 15 absence of carrier depletioh{=0 cm ), the mode energy
shows an upward dispersion through the whole rang®.of
%524 45 48 50 2 54 © With an increase i\, hovv_ever, _the dispersigg curve de-
ha(meV) scends, and the upward dispersionNgt=0 cm “ evolves

into a warped dispersion that is downward in a smafer
FIG. 1. w dependence of the surface energy-loss funcliasf ~ range and that turns upward in a larg@r region. This

the higher-energy modé at Q=1x10Pcm™ (a), 3x10Pcm*  warped dispersion is already obtained for surface plasmons
(b), and 5<1°cm L. The numeral 0, 1, 2, or 3 on each curve in a slab systei¥**and for surface plasmons coupled with
represents the depleted carrier densigyin units of 16?cm™2. The  surface polar phonons in a semi-infinite syst&rmoth in the
curve forNg=0 cm™2in (c) is scaled on the right ordinate. presence of a substantial depletion layer. In the above slab

system, the surface plasmons on both sides interact with each
each of the thre® values. AtQ=1x10°cm %, there is no  other, which gives rise to two dispersion branches. The upper
substantial change in the peak width, and this width can bene of them corresponds to the dispersion branch in our re-
explained by the relaxation-rate constanjsand y. At a  sult. The warped dispersion in the presence of the depletion
larger Q value, however, the resonance peak tends tdayer results from competition between the plasmon nature
broaden with increase inNg. Especially, at Q=5 that tends toward an upward dispersion and the effect of the
X 10° cm™, the resonance peak broadens and declines drajepletion layer that leans toward a downward dispersion.
matically in the depletion-layer formation process. Our resulfThe induced electric field generated By attenuates in the
can be compared with another result in Fig. 3 of Ref. 41depletion layer with a decay distanceQ . We should
which exhibits theNg dependence of the resonance peak anotice that the depletion layer also has a large background
Q=8.6x10°cm *for no=3x10"cm 3, andT=300K. In  dielectric constant... With an increase irQ, the induced
the latter result for a large® value, the resonance peak is electric field issuing fromSp and flowing through the deple-
considerably broad even in the absence of carrier depletiotion layer becomes more deeply embedded in the depletion
(Ng=0cm ). In view of this broadening at a largep layer of the dielectric medium, which leads to a downward
value, the resonance peak fdt;=0cm 2 in our result, dispersiort® With an increase itN, the excitation mode at
which is very sharp over the who(@ range analyzed here, is a largerQ value shows a remarkable downward shift in en-
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(a) Ns =0cm* b) Ns =1x102cm? (c) Ns =2x10"2cm?  (d) Ng = 3x10'2 cm®
| A GO | FIG. 3. Plot of g (0)/U(0), ¢p(0)/U(0),
. G5pr(0)U(0) i A 050, (0)U(0) 8 040, (0)U(0) & B {0)/U(0) beac(0)/U(0), anddep(0)/U(0) of the mo d_e
L 00 (0)/U(O) | . 0 0 A at Q=3x10°cm™? for the depleted carrier
1 m 8 05, (0)/U(0) ® 0,,(0)/U(0) density N=0cm? (a), 1x10%cm2 (b), 2
o0l i X 10%cm™2 (c), and 3x10%cm™2 (d). In each
i 1 panel, the abscissa and the ordinate represent the
A e O (0)/U(0) T » b, (0/U(0) 1  fal OO real and imaginary axes, respectively. This figure
20} + | Depa(0MU(0) elucidates the phase relation and the amplitude
o] $eOLO * 9001 *|sec@O) | 5r T ratio of the induced charge components
9ses@/UO) | -1 ] ‘ . :
0 5 10 0 5 10 0 5 10 o} 5 10

ergy, and simultaneously declines in energy-loss intensitgurfacez=0, and impose a boundary condition that envelope
significantly with the broadening of the resonance peak. functions of carriers vanish at the surface. In the absence of
Here, we concentrate our attention on the médat Q  carrier depletion Kg=0 cm 2), the carrier densityn rises
=3x10°cm %, and investigate the coupling character andquickly from zero, and a conspicuous peak emerges near the
the spatial structure of this mode in the depletion-layer for-surface in the carrier-density profile, because carriers are
mation process. Figure 3 exhibits the plotg, (0)/U(0),  confined by the surface potential barrier z£0 [see the
dpr(0)/U(0), ¢spa(0)/U(0), and ¢pgp(0)/U(0) of this  right part of Fig. 48)]. With an increase in thickness of the
mode on the complex plane as a circle, a square, a diamondepletion layer, however, the above surface potential barrier
and a triangle, respectively. The four pan&s—(d) are as- reduces its influence on carriers, and the upward-bending
signed to the values oN,=0cm 2, 1x102%cm 2 2 effective potential starts to play the main role in restricting
x 102cm ™2, and 3x 10%cm 2, respectively, and they cor- carriers to the inside. Therefore, the above peak in the den-
respond to the four points =3%x10°cm ! in Fig. 2. In  sity profile gradually dwindles away, and the carrier density
each panel, the abscissa and the ordinate are the real ahegins to rise more slowljfollow the right parts of Figs.
imaginary axes, respectively. The four complex values ind(@)—4(d)]. In view of considerable degeneracy of our carrier
each panel sum up te(0)/U(0), and thepotential ratio  system, the rising rate of could be fairly well scaled by the
V(0)/U(0){=[U(0)+ ¢(0)]/U(0)} becomes almost pure inverse Fermi wave numberkz'=2.96nm k;/a}
imaginary at resonance, because the resonance correspor®.306) in the absence of carrier depletion and by the
to a pole of Eqg. (20. The imaginary parts of Thomas-Fermi screening length;?=4.75nm k//aj
—¢e(0)/U(0), —¢p(0)/U(0), —¢spa(0)/U(0), and  =0.490) in the presence of a substantial depletion layer.
— ¢sp{0)/U(0) indicate the contributions afpg, , dppy., Here, we investigate the coupling character and the spatial
opg, andopy to the surface energy-loss intensiyrespec-  structure of the modé at Q=3x10°cm 1. As seen from
tively. These four imaginary parts add up to the valug=of Fig. 3, regardless oN,, the complex valuepg (0)/U(0)
This plot elucidates the phase relation and the amplitude renas the same phase &g,(0)/U(0), and theformer has a
tio of the induced charge components in spatial variatiorlarger absolute value than the latter. This indicates that the
along the direction 0Q, and the contribution of each in- variation inSpg, (x,z) alongx is in a coherent-phase relation
duced charge componentfo Figure 4 displays the variation with that in Sppy(X,z) along x, and that the variation in
in the induced charge-density distribution in the depletion-sp (x,z) has a larger amplitude than that Bppy(x,2).
layer formation process, along with the variation in theThis predominance ofpg, over dppy in amplitude implies
carrier-density profile in thermal equilibrium. Theaxis ori-  that, in our considerably high carrier concentration, plasmon
ented to the direction o and thez axis normal to the character becomes influential in this mode. In contribution to
surface are scaled in units @ !(=33.3nm) andaj the surface energy-loss intensfy Spg, and Sppy cooperate
(=9.68nm), respectively. In each panel with tNg value  to enhance, because botkpg, (0)/U(0) andépy(0)/U(0)
specified, the upper part exhibits the variation inhave negative imaginary parts. At,=0 cm 2, the ampli-
ag o(x)/V(0) (full curve, TL) and its decomposition into the tude of spg, is much larger than that ofppy. With an
background componeribroken curve, Bgand the phonon increase inNg, however, the phonon componeéippy in-
componentdotted curve, PH The left-lower portion is the creases its contribution, and its amplitude becomes as large
contour map of §)28p(x,z)/V(0). Asstated in Sec. Il, the as about one third of that afpg, . Next, we turn our atten-
induced charge-density distributiafp(x,z) is composed of tion to ¢sp(0)/U(0) andésp0)/U(0). Asseen from the
the carrier componenipg (X,z) and the phonon component phase relation and the amplitude ratio of these complex val-
Sppu(X,z). The right part shows the carrier-density distribu- ues, irrespective o, the variation inogg(x) is in an an-
tion in thermal equilibrium with itz scale matched to that in tiphase relation with that inrpy(x), and the background
the contour map. The vertical broken line represents the hacomponentogg(x) has a larger amplitude. The imaginary
mogeneous donor density. This density profile is adaptegarts of p5gg(0)/U(0) and¢pgp{0)/U(0) are negative and
from Ref. 36. positive, respectively. Accordingly, the background compo-
Before analyzing surface excitations, we mention thenentogg operates to intensif§F, whereasop, acts to sup-
carrier-density distribution in thermal equilibrium. As stated press it. AtN,=0 cm 2, the amplitude ofrgg is much larger
in Sec. I, we can assume an infinite potential barrier at thehan that ofop. With an increase ilNg, however, the pho-
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(a) Ng=0 cm® (c) Ng=2X 10" cm*®
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FIG. 4. Evolution of the induced charge-density distribution of the madg Q=3x10° cm ! and the carrier-density distribution in
thermal equilibrium in the depletion-layer formation process. In each panel with the depleted carrier Nerspgcified, the upper part
exhibits the distribution of the induced surface-charge der3ity and its decomposition into the background compori&®) and the
phonon componentPH). The left-lower area displays the contour map of the induced charge-density distribution below the surface. The

right portion presents the carrier-density distribution in thermal equilibrium. XTaeis in the direction ofQ and thez axis normal to the
surface are scaled in units @ ! andag , respectively.

non componenirpy grows in contribution, and its amplitude ~ To analyze phenomena only inside the materz0),
comes up to about one fourth of that@f;. The antiphase We can assume the external potential to be generated by
relation and the amplitude ratio ofyg and op are evident those external charges that lie right on the surface ().

in the decomposition ofr in Fig. 4 as well. The above The added potentiapg(0)+U(0), where ¢5(0) is defined
growth in the amplitude ratio 0Bppy to Spg. and opyto DY bs(0)= dspa(0) + ¢spi0), is produced by the compo-
ogs implies that, as the mode energy descends toward th@ent ofo that survives after canceling out the above external
phonon energy regime with increasihg, the phonon com- charges. In view of the fact that the complex valugs(0)
ponent begins to make more contribution do and o~ In +U(0)]/U(0) has almost the same phase [agg (0)
other words, plasmon character becomes less predominarnt¢pn(0)]/U(0), we canrealize that the variation in the
with an increase inNg. Generally, in coupled plasmon- Surviving component otr alongx is almost coherent with
phonon modes of Ill-V compound semiconductors, polarthat in 5p alongx.

phonons make less contribution to the energy-loss intensity Next, we examine the contour map of the induced charge-
than carrier plasmons, because polarity is not so strong. Aglensity distribution, along with the carrier-density profile in
cordingly, the above decline in plasmon character operates fiermal equilibrium. AtNg=0 cm %, the main structure in
reduce the surface energy-loss intensity. This is similar to theontours ofép(x,z) is an alternating array of a high moun-
variation in the higher-energy one of the coupled modes witiain and a deep valley in a surface regjafiag <0.8, where

a decrease in doping level. As the mode energy falls towarthe thermal-equilibrium carrier density rises rapidly from

the phonon energy regime with a decreasain plasmon zero and forms a peak near the surface. The center of the
character becomes less influential through coupling with pomain structure is located in a high-density regiom-{(n)

lar phonons, and the integrated energy-loss intensity dropsear the peak in the carrier-density profile. Each high moun-
more significantly than it does in pure plasmon modes. Thigain or each deep valley in the main structure has a long tail
significant intensity drop is found both in the bedkand at  extending down into the deeper region. This extending fea-
the surfacé® ture results from the fact that the surface-mode energy is
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FIG. 5. Same as Fig. 4, but of the modewith (8) Ng=0cm 2, Q=1x10cm %, (b) Ng=0cm 2, Q=5x10°cm™?, (c) Ng=3
x10%2cm 2, Q=1%x10°cm %, and(d) Ny=3x102cm 2 Q=5%x10°cm %

slightly below or almost equal to the bottom of the projectedNs, this distorted feature disappears, and the main structure
bulk-mode band, because of high background polarizatiomvolves into those round patterns at a distance from the sur-
e.(>1). This fact can be understood by a simple evaluatiorface that lie in a widez range, wheren rises slowly and
using the local-response theory. In the absence of polar pharonotonically.
non, for example, the surface-plasmon frequeagy, at Q Here, we mention the relation between the induced
=0 is expressed a®gp =[£../(.+1)]*2wgp, , Which is  charge-density distribution and the energy-loss intensity. The
slightly below the bulk-plasmon frequenaygp, at wave carrier componendpg, plays the leading role in the mode
numberq=0. As the surface-mode energy becomes furthewith strong plasmon character. As seen from E9), (29),
lower than the bulk-mode energies with an increas&lin  and(30), the imaginary part of- dpg (z)/U(0) is associated
the above extending feature dwindles away, and simultawith the energy-loss intensitly. Because of the weight fac-
neously, the main structure begins to extend in a broader tor e?Z in Eq. (30), the induced chargedpg, nearer to the
range where the carrier densityrises slowly toward the surface make more contribution . At Ng=0cm 2, the
bulk valuen, [follow Figs. 4a) to 4(d)]. main structure with concentrated induced charges just near
Here, we comment on a distorted feature in the mairthe surface gives rise to stronger intensity Fof With the
structure in Fig. 4). With an increase ifNs from 0 cm 2to  formation of the depletion layer, the induced charges become
1x10%cm™2, the carrier density drops dramatically near separated from the surface, which operates to redfude
the surface, and it starts to rise from zero slowly and monoaddition, the above-stated decline in plasmon character acts
tonically without forming a peak. However, the surface po-to suppress the value of [m dpg (2)/U(0)].
tential barrier az=0 still exerts a significant influence on  So far, we have analyzed the modeQ#3x10°cm !
carriers, as is evident from the fact thatises from zero just with change inNg. Next, we turn our attention to the mode
at the surfacez=0 [see the right part of Fig.(#)]. The A at otherQ values. Figure 5 exhibits the spatial structure of
center of the main structure occurs still near the surface buhe modeA with (a) Ne=0cm 2, Q=1x10°cm™%, (b) Ny
in a lower-density regionr(~ny/2) wheren is increasing =0cm ?, Q=5x10°cm?, (c) Ng=3x10%cm™2, Q=1
towardn,. In this situation, a distorted feature appears in thex 10°cm™%, and (d) Ng=3x10"?cm 2, Q=5x10°cm 1,
main structure alNy=1X102cm 2. This feature suggests This figure is organized in the same fashion as Fig. 4. Irre-
that the center of the main structure tends to fall behind irspective of theQ value, the contour lines fads=0 cm 2 are
propagating along the surface. As the main structure beconstituted of the main structure with concentrated induced
comes separated from the surface with a further increase icharges in a surface region and the tails extending down into
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the depth. As seen from Fig(#, atQ=1x1Fcm ', the can be obtained by integrating @ the product of a kine-
extending tails present a perceptible oscillation that can b&atic factorK(Q,w) and the surface energy-loss function
ascribed to the interference of electronic waves impinging o (Q, ) (see, e.g., Eq42.1) and (2.3) in Ref. 41. The ki-
and reflected from the surface. However, this oscillation camematic factolK(Q,») depends upon the scattering process
hardly be perceived at a larg€) value, Q=5x10°cm !  of an incident electron, and consequently, upon the incident
[see Fig. B)]. In the light of considerable degeneracy of our angle« and the incident energlf,. At eachzw value, we
carrier system, the period of oscillation at a smaflevalue  can evaluate a probe@ region from an ellipselike area on
could be reasonably well scaled kglzz_ga nm k;lla’g the Q plane whereK assumes values larger than half its
=0.306). This oscillation can also be found in anothermaximum. From this evaluation far=45° andEy,=9 eV in
dynamical-response calculation fo,=3x10"cm 2 and Ref. 35, we find that, atiw~48meV, the probed region
T=300K, which assumes a flat band even near the surfacgPreads fronQ~2.0x 10°cm™* to Q~5.6x 10>cm*. This
and the Maxwell-Boltzmann distribution for carriéfsin our ~ probed region, which is rather broad, is included in the dis-
previous calculation fon-type InSb afT=0 K, assuming a Persion diagram of Fig. 2. With an increase My, the
flat band at the surface, the extending contour lines show ahigher-energy loss peak in the EEL spectrum shows a down-
outstanding oscillaton due to the above-mentionedvard shift in energy and a conspicuous decline in intensity.
interferencé‘_‘“‘s However, the present result far=300 K The downward shift in the diSperSion branch with an in-
exhibits only modest oscillations in the extending tails evercrease irNs corresponds to that in the loss peak in the spec-
at a smalleiQ value, because the temperature effect operateum. With formation of the depletion layer, the separation of
to smear out these oscillations. This is consistent with théhe carrier system from the surface and the decline in plas-
temperature dependence of the carrier-density distributiofon character cooperate to reduce the surface energy-loss
n(z) near the surfac& At T=0K, there is a small oscilla- intensity. In addition, the Landau damping also starts to op-
tion superimposed on the density curve approaching the bulgrate effectively to suppress it in a larg@rregion. These
density. At T=300K, however, thermal excitations up to cooperative effects explain the remarkable decline in the
higher electron states operate to wash out this density osciless-peak intensity in the spectrum.
lation.

At Ng=3X10"%cm 2, each high mountain or each deep
valley in the main structure has no tails extending into the B. Lower-energy modeB
deeper region. AQ=1x10°cm 2, the main structure tends
to be localized in & range, wheren rises slowly and mono-
tonically, and displays signs of the above-mentioned oscilla
tion only in contour lines of the lowest absolute valsee
Fig. 5(c)]. With an increase iQ, however, the lower part of

This is the lower-energy one of the two coupled plasmon-
phonon modes. Figure 6 displays thedependence df of
the lower-energy mod& at Q=2x10°cm™ ! (a) and 4
X 10° cm ™t (b). This figure is laid out in the same manner as

the main structure begins to extend downward, and the sigrg'g' 1. With an increase s, the mode energy shows a
of the oscillation disappear. AD=5x 10°cm?, distorted ownward shift at eacl value, and the resonance peak
features of contour lines imply that the lower extending part?roadens remarkably at a larg@rvalue[see Fig. @)]. This
tends to go forward in propagating along the surfgsee broadgnmg_ originates .from thg Il_andau dar_npmg. The above
Fig. 5(d)]. This extending feature could be attributed to thePehavior with change i is similar to that in the modé.
Landau damping’ name'y, the damp|ng effect of Sing'e_HOWeVer, in the mOd@, the downward shift is Sma”, and
particle excitations between semi-infinite electron states oithe resonance intensity is weak, compared with those in the
plasmons, because the Landau damping is found to operaf@odeA. In addition, in the modé, we can find no definite
effectively in this mode, as shown in Fig(cl. In addition, decrease or increase in its integrated energy-loss intensity
the Landau damping is also responsible for the fact that thaith change inNg. As mentioned below, this intensity reten-
variation ino(x) in Fig. 5d) is obviously different in phase tion can be attributed to a few competing effects. Figure 7
from that in any other panel in Figs. 4 and 5. In the case ofpresents the evolution of the energy dispersion of the node
Fig. 5(d), because of the Landau damping, the positivein the depletion-layer formation process. At our considerably
imaginary part ok 5(Q, ) becomes significantly larger than high carrier concentratiomg=1.3x 10'8cm™3), the disper-
|ReeqQ,w)|, and the argument of5(Q,w) becomes close sion curve of the mod® lies only a few meV below the
to 7/2 radian. Here, the symbol Re signifies the real partiransverse optical-phonon energysto=33.25 meV. With
This is in sharp contrast to any other case whered(®, ») an increase iNg, the dispersion curve makes a gradual de-
is small compared witHReeqQ,w)|(~1), andeg(Q,w) scent, and an upward dispersionNyg=0 cm 2 turns into a
has an argument close t radian. Equation$26) and (27) warped dispersion. This variation in the dispersion is similar
assert that the difference in arguments@f{Q, ) gives rise  to that in the modd\, aside from the fact that the energy shift
to that in phase o&(x). is small in the modeB with a considerable phonon compo-
In view of the above result, we analyze the variation ofnent. Figures 8 and 9 show the variationdg, (0)/U(0),
the higher-energy loss peak in the EEL spectrum in Fig. 2 ofp(0)/U(0), ¢se(0)/U(0), andpgp(0)/U(0), andthat
Ref. 35. For this analysis, first we need to locate a dispersiom the induced charge-density distribution of the m&lat
region probed in this EELS measurement in the specular@=2x10°cm™?, respectively. These figures conform to the
reflection geometry. The EEL intensity at each eneligy = same formats as in Figs. 3 and 4, respectively.
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6 ' ' ' comes comparable to that @pg . Accordingly, there oc-
(@) Q= 2x10° cm! curs a significant cancellation betweeipg, and Sppy,
which leads to the weak energy-loss intensity of the nidde
However, we should note thapg, always makes more con-
tribution to dp than Sppy. As shown in Fig. 8, the variation
in opy(X) is in a coherent-phase relation with that in
ogc(X), and both of these components operate to intensify
F. The amplitude obrpy is comparable to that afgg in the
modeB, though the former is much smaller than the latter in
the modeA with strong plasmon character. With an increase
295 300 305 31.0 in Ng, the amplitude ratio 06pp to Spg. and that ofop to
ho(meV) ogg decrease graduallfollow Figs. 8a) to 8(d)]. This im-
plies that, as the mode energy falls further below the phonon
1.0 . i i energy regime with increasindyls, phonon character be-
- (b)Q= 4%10° cm! comes weaker, namely, 'Fhe moBepegms to acquire more
plasmon character. This increase in plasmon character oper-
ates to enhanc&, whereas the presence of the depletion
layer separates the induced charggsfrom the surface,
which acts to reduck. In addition, the Landau damping also
comes into play to suppres$sin a largerQ region. These
competing effects are considered to be responsible for the
fact that the integrated energy-loss intensity of the mBde
shows no definite decrease or increase with changigin
ot (see Fig. 6. The above effect of the increasing plasmon char-
30 31 32 acter can also be recognized from the doping-level depen-
hm(meV) dence of the lower-energy one of the coupled plasmon-
phonon modes. We are now concerned with a higher-
FIG. 6. » dependence of the surface energy-loss funckiasf  concentration regime involving significant cancellation be-
the lower-energy modeB at Q=2x10°cm™* (@ and 4  tweendpg anddppy. As the mode energy makes a gradual
x10°cm* (b). The numeral 0, 1, 2, or 3 denotes the depletedgescent further below wyo with a decrease ing, plasmon
carrier densityNs in units of 102cm™2, character begins to grow in this mode with a weakening of
the above cancellation, which gives rise to an outstanding
The coupling character in the mod® stands in sharp enhancement of the integrated energy-loss intensity. This en-
contrast to that in the mod& As seen from Fig. 8, irrespec- hancement is found both in the befkand at the surfac®.
tive of Ng, the variation indpg, (x,z) alongx is in an an- In the same manner as in the mollewe can assume that
tiphase relation with that inSpp(x,z) along x, and the the external charges lie right on the surfaze:Q), and con-
former has a larger amplitude than the latter. The carriesider the component ef that survives after canceling out the
componentdpg operates to enhande, while the phonon external charges. From an analysis of the phase relation in
componentdppy acts to reduce it. Because of our consider-Fig. 8, we find that the variation in the surviving component
ably high carrier concentration, the mode energy is close tof o alongx is nearly coherent with that idp alongx. This
the phonon energy regime, and the contributiorSpfy be-  is the same phase relation as in the maéde
The evolution of the induced charge-density distribution
, ' T ' with an increase ifNg in Fig. 9 is similar to that in the mode
Ain Fig. 4. As seen from Fig.(@), atNs=0 cm 2, the main

| Ns(102 cm?)

o5l Ns(10Zcm?)

32r Mode B Ns(10'2 cm™)

0 structure having concentrated induced charges lies in a sur-
1 face regionz|/af =<0.8, wheren rises quickly from zero and

2 builds up a peak near the surface. This main structure has
3 ] long tails extending down into the deeper region. Only in the

initial stage ofNg=1x102cm™2, there appears a distorted
feature in the main structure that implies that the center of

30f the main structure tends to fall behind in propagating along
the surface. As the mode energy descends gradually with an
0 1 > 3 4 5 increase inNg, the above extending feature becomes less

Q 0° cm'1) conspicuous, and simultaneously, the main structure starts to
extend in a thicker layer whererises slowly and monotoni-
FIG. 7. Variation in the energy dispersion of the mdalin the  cally toward its bulk valueny. The reason why the spatial
depletion-layer formation process. Organized in the same manner &ructure of the mod®B is similar to that of the modé with
Fig. 2. strong plasmon character is that, in the md@las well, the
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(@) Ng=0cm? (b) Ng=1x10"%em? (¢} Ns=2x102cm?  (d) N = 3x10"2 cm™®
Q=2x10°cm™ Q=2x10°cm™ . Q=2x10°cm™* . Q=2x10°cm™
v 4 . : T
B ¢ (0)/U(0) ¥ 0,,,(0)/U(0) # $p,,(0)/U(0)
0py (0/U(0)
FIG. 8. Plot of ¢ (0)/U(0), dpu(0)/U(0),
0 0 0 0 $spc(0)/U(0), and ¢psp{0)/U(0) of the mode
N $SBG((3)),/3((3)) 2 ‘%smgz;ﬂ?g; 2 $S%Eg;;3$§ % %ﬁg;ﬁgg B at Q=2x10° cm™! for four Ny values speci-
s s o o fied. Organized in the same fashion as Fig. 3.
0g, (0/U(0)
s 102000 4 gl b 0VUE 1 5 g0 OME) | S
0 3 i0 0 5 10 0 5 10 0 5 10

carrier componendpg, makes more contribution tép than ~ previous calculation fon-type InSh atT=0 K assuming a
the phonon componendppy, though the mode energy is flat band at the surfacB.In a mode with a large® value in
close to the phonon energy regime. the presence of a substantial depletion Idgee Fig. 10d)],

In Fig. 9, we have examined the mod® at Q=2 the lower part of the main structure extends downward, and
x10°cm L. Figure 10 exhibits the spatial structure of the presents a distorted feature, which suggests that the lower
modeB with otherQ values, namely, witha) N;=0 cm 2, extending part tends to go forward in propagating along the
Q=1x10Ccm %, (b) N.=0cm? Q=4x1CPcm %, (c) surface. This extending feature could be ascribed to the Lan-
N=3x10"%cm? Q=1x1Ccm!, and (d Ng=3 dau damping. This damping also accounts for the fact that
X10%cm 2, Q=4x10cm L In these cases as well, we the variation ino(x) in Fig. 10d) is evidently different in
can find the similarity in spatial structure between the modegphase from that in any other panel of Figs. 9 and 10. We also
A and B. Only in a smallerQ region, we can observe a notice an initial phase deviation (x) in Fig. 10b).
contour oscillation that stems from the electronic interfer- Based upon the above result of the mdgleve can un-
ence[see Figs. 1@) and 1@c)]. Because of temperature ef- derstand the variation in the lower-energy loss peak in the
fects, the contour oscillation fas=0 cm 2 andT=300K  EEL spectrum of Ref. 35. Afiw~31meV, the probed
in Fig. 10@) is not so conspicuous as that obtained in ourregion extends from Q~1.3x10°cm ! to Q=~3.6

- Q= > cm’ 12 2 5
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FIG. 9. Evolution of the induced charge-density distribution of the mBd# Q=2x10° cm™* and the carrier-density distribution in
thermal equilibrium in the depletion-layer formation process. Organized in the same way as Fig. 4.
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(a) Ng=0 o2, Q=1310° cm’ (0) Ns=3x10% em®, Q=1X10"cm” _
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FIG. 10. Same as Fig. 9, but of the moBewith (a) Ng=0cm 2, Q=1x10Fcm %, (b) Ng=0cm 2, Q=4x10°cm%, (c) Ng=3
x10%2cm 2, Q=1%x10°cm}, and(d) Ng=3x10%2cm 2, Q=4Xx10°cm %

X 10°cm L. With an increase ilNg, this loss peak in the the symbolsiw o and#wspy denote, respectively, the bulk
spectrum exhibits a small downward shift in energy withoutlongitudinal-optical-phonon energy and the surface optical-
any definite decline or growth in intensity. The small down-phonon energy of long wavelength, both in the absence of
ward shift in the loss peak results from that in the dispersiortarriers. The mode energy descends towaigkpy, as N
curve in Flg 7. The intenSity retention with an ianeaSN-Ln increases at ea(@ Va|ue, or a@ becomes |arger at ea(bhs

can be attributed to the above-mentioned competing effecigajue. The energy descent wikh is conspicuous at a larger
in_ contribution to the e_nergyjloss intensity. As seen fromQ value, and that witQ is outstanding at a largay, value.

Fig. 6, the energy-loss intensity of the moBedeclines re- 114 mode energy is close fow, o in a smallQ region. As

markably with an increase iQ for eachNg value. This |s_the described below, the striking change in the energy-loss in-
e o e v b ey (&1 and the smal, bt mecningu hi n e mode cr
energy-loss intensity of the modeweaker than that c?f the €9y reflect the variation in the screening effect. Figure 13
modeA. displays the plot of ¢<(0)/U(0), ¢py(0)/U(0),

#e (0)/U(0), and V(0)/U(0) of the modeC at Q=3
x10°cm ! as a triangle, a square, a circle, and a diamond,
respectively. The imaginary part of ¢5(0)/U(0) [ $5(0)

The intermediate-energy mod@ is the surface optical- = ¢sp0)+ ¢dsea(0)] indicates the contribution ofo
phonon mode that undergoes the screening effect due o= opyt opg) to F, and that of—V(0)/U(0) is equal to the
presence of carriers. Figure 11 shows éhdependence df  value of F. The four panelga)—(d) with Ng specified corre-
of the modeC atQ=1x10°cm ! (a), 3x10°cm ! (b), and  spond to the four points @=3x10°cm ! in Fig. 12.
5x10°cm ! (c). The ordinate is scaled differently in these ~ Here, we mention how the surface optical-phonon mode
panels. The resonance peak of the m@lgrows remark- suffers the screening effect due to the existence of carriers.
ably, asN increases at ead value, or afQ becomes larger In the absence of carriers, the surface phonon mode has its
with N fixed. At eachQ value, the resonance peak presentsinduced charges only at the surface=0). These induced
a sight or small downward shift with an increaseNg. By ~ chargesr arise from the termination of the phonon and back-
locating the peak position df at variousQ values, we can ground polarization a¢= 0. In the presence of carriers, how-
obtain the energy dispersion displayed in Fig. 12. This figureever, induced charge&p occur below the surface=0 as
is organized in the same fashion as Figs. 2 and 7. In Fig. 12yell. Though the presence of carriers is essential to

C. Intermediate-energy modeC
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3 — 36.2 ;
@Q=1x10°c0 | | o,  Ns(0cem?)
I < 36.1 \6—
ol ]
E 1
36.0 1
w ol 2 )
1t 359/ Mode C h(DSPH..............g’_
o 2 4 6 8 10
Q10 em™)
0
FIG. 12. Variation in the energy dispersion of the m&im the
hio(meV) depletion-layer formation process. Organized in the same manner as
Y — Figs. 2 and 7. The symbofsw, o and# wgpy Signify, respectively,
(b) Q=3 x10°% em™ the bulk longitudinal-optical-phonon energy and the surface optical-
5 - phonon energy of long wavelength, both in the absence of carriers.
12, o2 _
w 41 Ns(10%cm™) markable enhancement Bf As the depletion layer becomes
3t 3 1 thicker, the screening chargép becomes further separated
from o, and the screening ofp on o operates less effec-
2¢ tively. This is responsible for the growth in the resonance
peak in Fig. 11 and the downward shift in the mode energy
r in Fig. 12 with an increase ii;.
0 : | The screening effect depends ug@memarkably, because
35.5 36.0 36.4 the induced potential produced by the screening chafges
ha(meV) attenuates exponentially with a decay distaqze! in the
8 carrier-deficient layer abovép. As the screening ofp on o
(©) Q=5 x10% cm? operates less effectively with an increaseQn the mode
b energy descends towafidvspy and the energy-loss intensity
61 becomes stronger. This variation in energy and intensity is
w i more prominent for a thicker depletion layer.
As in the analysis of the mod&or B, we can assume that
4r the external charges exist right on the surfazeQ), and
r 1 examine the component ofthat survives after canceling out
ol the external charges. The phase relation in Fig. 13 indicates
| | that the variation in the surviving component®@flongx is
_ almost in antiphase relation with that &p alongx, in accor-
0 355 36.0 36.4 dance with the result in our previous calculation, assuming a

hw(meV) flat band at the surfacd®.This antiphase relation in sharp
contrast to the coherent-phase relation in the made B
FIG. 11. w dependence of the surface energy-loss fundimi  leads to a nearly vertical electric field in a layer intermediate
the intermediate-energy mod€ at Q=1x10°cm ! (a), 3  betweens and &p.*®
X 10° cm™? (b), and 5x10° cm™? (c). Organized in the same man- Next, we focus our attention on the induced charge-
ner as Figs. 1 and 6. density distribution of the mod€ at Q=3x10°cm™ L. Fig-
ure 14 conforms to the same format as in Figs. 4 and 9. The
the occurrence ofp, it is not Spg, but Sppy, that constitutes  panels(a) and (b) are for Ng=0cm 2 and 3x10%cm 2,
the major part ofsp, as seen from the fact thépg (0)| is  respectively. Regardless df;, the variation inopy(x) and
quite small compared withgp(0)| (see Fig. 13 The pho- thatinogg(x) tend to cancel out each other strongly, and the
non plays the principal part in this mode. The inducedamplitude ofopy(X) is somewhat larger than that agg(x).
charges 8p operate againsto to reduce F, because In fact, this antiphase relation follows from E@8) with the
IM[{pr(0)+ ¢ (0)}/U(0)] is positive. This implies that aid of Eq.(3), when the mode frequenay is higher than
the induced chargesp exert the screening effect on the sur- wrg, and the relaxation-rate constants not so large. Irre-
face optical phonon governed loy spective ofNg, contour lines of6p(x,z) present outstanding
As shown in Fig. 18), atN,=0 cm 2, a negative imagi- tails streaming in the opposite direction@ These stream-
nary part of ¢5(0)/U(0) and a positive one of ¢py(0) ing tails indicate that the surface optical phonon propagates
+ ¢g(0)}/U(0) tend to cancel out each other significantly. along the surface dragging the screening chafgesigure
This indicates a strong screening effect, which leads to 45 clarifies the evolution offp of the modeC at Q=3
very small value ofF. With increasingNg, however, the x10°cm ! with a change ifNg. The left and middle panels
above cancellation becomes weaker, which results in a reexhibit thez dependence of the absolute value and the argu-
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o (@) Ns=0cm? o) Ng=1x10"2cm? (¢} Ng=2x10"2 cm? NG Ng =3x10'2 cm?
5_ 4
4, (0)/U(0) . b, OI0) 8 §,,,(0)/U(0) & 0., (0)/U(0)
sf 1 st 1 FIG. 13. Plot of¢p5(0)/U(0), ¢py(0)/U(0),
$g,(0)U(0) 0 O #g(0)/U(0), andV(0)/U(0) of the modeC at
0 9 (0VU(0) 0 ) 0 & Q=3x10°cm* for four N values specified.
» V(0)/U(0) » V(0)/U(0) —— The potential ¢5(0) is defined by ¢<(0)
sl j— | 58 evoywo) 1 = ¢spH0) + ¢sac(0).
-5r 4
a—T 05(0/U(0) a—— $5(0)/U(0) A $5(0/U(0) a4 040YU(O)
-0 0 5 10 710 0 5 10 0 5 10 0 5 10

ment (arg of (a})?dp(Q,z,0)/V(0), respectively. These Wwhile, at any otheN value, it is situated at a depth where
panels elucidate the amplitude and the phase of the spati@l still on its initial rise and lower. WheN increases from 0
variation in 8p at each deptl. In the left panel, the value of cm™2 to 1x10"2cm™2, there occurs no substantial shift in
(a§)?|6p(Q,z,0)/V(0)| is doubled in two broken curves, as the above peak, because, at the staghlef1x 10*2cm 2,
marked by the signxX2'. The spatial variation ifp in these  the surface potential barrier a& 0 still plays an important
panels can be compared with the carrier-density distributiomole in restricting carriers to the inside of the material. With
n(z) in thermal equilibrium in the right panel. In each panel, a further increase ifg, the carriers begin to be confined in
the numeral 0, 1, 2, or 3 on each curve representsNthe the inside by the upward-bending effective potential, and the
value in units of 1&?cm 2. At a largerN, value, the screen- peak represents a significant shift to the depth. As seen from
ing chargesip are distributed in a thicker layer, as is consis-the middle panel, at eaciNg value, the argument of
tent with the fact than rises from zero more slowly near the 5p(Q,z,w)/V(0) shows a marked monotonical increase on
surface, and with the fact that the screeningdpfon o op-  the deeper side of the peak 08p(Q,z,w)/V(0)|. This
erates less effectively. AtNg=0cm 2, the peak of phase change corresponds to the fact that the surface optical
(a§)?|6p(Q,z,w)/V(0)| is located at a depth of higher,  phonon propagates along the surface dragging the screening
chargesdp. The argument increase is somewhat slower at a

(8) Ng=0 cm?, Q=3X10° o largerNg value. This may imply that the _dragging declines at
a larger Ng value where the screening effect becomes
weaker.

So far, we have investigated the spatial structure of the
modeC at Q=3x10°cm . Here, we turn our attention to

ag*o(x)/V(0) and
its decomposition

s the modeC at otherQ values. Figure 16 displays tiede-
2 g pendence of &5)?p(Q,z,0)/V(0)| (left pane) and
z § ard 6p(Q,z,w)/V(0)] (middle panel of the modeC at Q
£ g =1x10cm ! and 9x10°cm™! for each value ofNg
g g =0cm 2 and 3x10?cm™2 The numeral 1 or 9 on each
2 g curve indicates the&) value in units of 18cm™, and full
£ curves and broken ones represent the results Naqr
© =0cm 2 and 3x10%cm ?, respectively. In the left panel,

RS 2

s g (as")8p(Q.2.0)/v(0) arg|3p(Q.2,w)/V(0)} n(z)me

Eg Q 5 10 15 O . 5T 0

Ly A
2 g i Mode C —

g Z ad Q=3x10°cm™| 4 3

o g hix2 r Ng(10'2 cm®)

g S sl : : B N 5

S FIG. 15. z dependence ofa)? 8p(Q,z,»)/V(0)| (left pane)

and ar§i6p(Q,z,w)/V(0)] (middle panel of the modeC at Q=3
FIG. 14. Induced charge-density distribution of the m@lat X 10° cm 1 in the depletion-layer formation process. The numeral
Q=3x10cm ! and the carrier-density distribution in thermal 0, 1, 2, or 3 on each curve signifies the depleted carrier deNgity
equilibrium forNy=0 cm 2 (a) and 3x 10'?cm 2 (b). Organized in  in units of 1d?cm 2. Compared with the carrier-density distribu-
the same fashion as Figs. 4 and 9. tion in thermal equilibrium in the right panel.
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(@) 1Bp(Q,z.0)/v(0) arg[3p(Q. 2.0)/V(0)] n(2)ino effect of 5p on o becomes weaker, which results in the en-
Q5 __10 15 0 5n ot hancement of the energy-loss intensity.
| - 0 ] Predicated upon the calculated results, we have analyzed
A TR Bt 1 the variation in the EEL spectrum with an increaseNg.
N \,10(10 om’) Incidentally, it is far beyond our computing resources to cal-
*a 8 culate the EEL spectrum itself on the basis of our calcula-
N /’ tional scheme, because calculating even one mode takes a lot
’,;,‘ M:qdigmcm-z) It of CPU time, and we need to calculate a great number of
4llitxs —— o 1 a@os e, modes in the broad probed region.
i T 3 1 [ModeC 3 o
-5 . : : B ]
FIG. 16. Same as Fig. 15, but of the mo@ewith other Q IV. SUMMARY

values. In the left and middle panels, the numeral 1 or 9 on each We h . tioated th luti fel t it
curve designates th@ value in units of 18cm™, and full curves € have investigated the evolution of elementary excita-

and broken ones are fdd,=0 cm 2 and 3x 102cm 2, respec-  1ONS at a doped polar semiconductor surface in a depletion-
tively. layer formation process. The elementary excitations analyzed
are two coupled plasmon-phonon modes and the surface
optical-phonon mode involving screening charges. Our cal-
the value of &%)?3p(Q,z,»)/V(0)| is multiplied by five in  culations correspond to an HREELS experiment ohdype
two broken curves. The four modes with various setdgf GaAg110 surface on exposure to hydrogen at room tem-
and Q can be located in the dispersion diagram of Fig. 12 perature where three loss peaks are clearly resolved. The
Figure 16 shows that the distribution 8 for eachNg value  induced charge densip below the surface is constituted of
depends uporQ significantly. ThisQ dependence can be the carrier componenipg, due to carrier density fluctuation
related to that of the screening effect. When the screening ¢ind the phonon componefippy originating from longitudi-
8p on o operates more effectively at a smal@rvalue, the  nal polar-phonon polarization. The induced surface-charge
greater part of the electric field produced byand & is densnyq owing to the termination of the polarization at the
confined in a layer that intervenes betweeand &p. In this ~ Surface is composed of the background componegt and
case, the mode energy becomes closérdgo , as exhibited e phonon componentp,,. The x axis is oriented to the
in Fig. 12, and the screening charggsare more localized direction of the surface-parallel wave vect@; and thez

with the amplitude maximum nearer to the surface, as dis@Xis is taken to be normal to the surface so that the material

played in the left panel of Fig. 16. This localization is quite extends in the. region<_0. The_ surface energy-loss f_unction
conspicuous aQ=1x10°cm * and Ng=0 cm 2. This lo- F(Q,w) describes the intensity of the energy loss involved
calized feature suggests that the scsreening éhaﬁgeare in the dynamical response of the surface to the external po-

strongly attracted to the surface=£0) by the intense elec- tential on andw. The e.volution of each excitation mode is

tric field virtually normal to the surface. With an increase in summarized as follows:

Q, the screening effect becomes less powerful, and a larger

fraction of the electric field generated layleaks out above

the surface. In this process, the screening chafigesxtend

into the deeper region with a gradual shift in the amplitude This is the upper one of the two coupled plasmon-phonon

maximum to the depth, and the dragging character declinemodes at the surface.

gradually, as indicated by a slower increase in the argument. (i) With an increase in the depleted carrier denbity the
Finally, we analyze the variation in the middle loss peakenergy-dispersion branch shifts downward, and an upward

in the EEL spectrum of Ref. 35. Atw~36 meV, the probed dispersion aiNs=0 cm 2 evolves into a warped dispersion

Q range spreads fromQ~1.5x10Pcm ! to Q~4.2 thatis downward in a small€ region and that turns upward

X 10°cm L. With an increase ifNg, the loss peak in the in a largerQ region. This warped dispersion stems from

EEL spectrum grows strikingly without any substantial shift. competition between the plasmon nature that tends toward an

This intensity growth originates from the fact that, with an upward dispersion and the effect of the depletion layer that

increase in the depletion-layer thickness, the screeningp of leans toward a downward dispersion.

on o operates less effectively, which leads to stronger (ii) In spatial variation along, 6pg,(X,z) is coherent with

energy-loss intensity. No substantial shift observed corredppy(X,z), whereasogg(x) is in an antiphase relation with

sponds to the fact that the dispersion branch shows too smaip(x), and ogg(Xx) has a larger amplitude. This coupling

a downward shift to be detected. In addition, the loss peak iharacter is independent &f;. At our considerably high

the spectrum is observed to gain stronger intensity, when thearrier concentration, the carrier componefiiy;, makes

incident energyg, is lowered in the presence of a substantialmore contribution tajp than the phonon componedpp,.

depletion layer formedsee Fig. 3 in Ref. 36 In HREELS (iii ) As the dispersion branch descends toward the phonon

with the specular-reflection geometry, loweriBgis equiva-  energy regime with increase Mg, the phonon components

lent to shifting the probed region to the higheR side®®  5ppy andopy increase their contribution tép ando, respec-

The above intensity growth with a decreaseBp can be tively. This indicates that phonon character grows, and plas-

ascribed to the fact that, with an increaséQnthe screening mon character becomes less influential.

A. Higher-energy mode A
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(iv) With an increase iNg, the separation of the carrier (iii) As the dispersion branch descends further below the
system from the surface and the decline in plasmon charact@honon energy regime with an increaseNg, the phonon
begin to cooperate to reduce the surface energy-loss intensitpmponentsSppy and opy decrease their contribution @p
significantly. In addition, the Landau damping also starts tcand o, respectively. This implies that phonon character de-
operate effectively to suppress it in a larggregion. clines, and plasmon character becomes more influential.

(v) The descent of the dispersion branch(ih and the (iv) With an increase iMNg, the growth in plasmon char-
reduction in the loss intensity ifiv) elucidate the experi- acter begins to operate to intensfy whereas the separation
mental result that the corresponding loss peak in the EElof the carrier system from the surface starts to act to suppress
spectrum shows a gradual downward shift in energy and &. In a largerQ region, the Landau damping also begins to
striking decline in intensity with increase M. function to reduce it. These competing effects are respon-

(vi) At Ng=0 cm 2, the induced charge-density distribu- sible for the fact that the surface energy-loss intensity shows
tion 8p(x,z) is composed of the main structure with concen-no definite increase or decrease with changhljn
trated induced charges and the tails extending into the deeper (v) The small downward shift in the dispersion branch in
region. The main structure lies in a surface region where thé) and the retention of the loss intensity (iw) explain the
thermal-equilibrium carrier densityrises quickly from zero experimental result that, with an increaseNg, the corre-
and forms a prominent peak in the density profile. The exsponding loss peak in the EEL spectrum represents a small
tending features can be attributed to the fact that the surfacelownward shift in energy and no definite increase or de-
mode energy is slightly below or almost equal to the bottoncrease in intensity.
of the bulk-mode energies because of high background po- (vi) With an increase ifNg, the modeB displays a similar
larization. As the surface-mode energy becomes furthevariation in 8p(x,z) to the modeA. At Ng=0cm 2, the
lower than the bulk-mode energies with an increas&lin  induced charge-density distributiagip(x,z) is constituted of
the extending feature dwindles away, and the main structurghe main structure with concentrated induced charges and the
starts to extend in a broaderange wheren rises slowly and  tails extending into the deeper region. As the mode energy
monotonically toward its bulk value. drops gradually with an increase My, the extending feature

(vii) In a smallerQ range, there appear modest or slightbecomes less conspicuous, and the main structure begins to
oscillations in contours ofp(X,z) that can be ascribed to the extend in a wider range.
interference of electronic waves impinging on and reflected (vii) In a smallerQ region, there emerge those oscillations
from the surface. in contours ofsp(x,z) due to the electronic interference that

(viii) In the presence of a substantial depletion layer, withare similar to those in the mode
an increase inQ, the lower part of the main structure in (viii) When there exists a substantial depletion layer, with
op(x,z) starts to extend downward and to show distortedan increase i, the lower part of the main structure begins
features. This variation could be attributed to the Landauo extend downward and to exhibit distorted features. This
damping. variation, similar to that in the mod&, could be ascribed to

(ix) The Landau damping causes a phase shift in variatiothe Landau damping.
of o(x) in a largerQ region and in the presence of a sub-  (ix) As in the modeA, the Landau damping gives rise to a
stantial depletion layer. phase shift in variation oé(x) in a largerQ region, espe-

cially in the presence of a substantial depletion layer.

B. Lower-energy modeB

This is the lower one of the two coupled plasmon-phonon C. Intermediate-energy modeC

modes at the surface. This is the surface optical-phonon mode that suffers the
(i) The modeB displays a similar variation in the energy screening effect due to the presence of carriers. The induced
dispersion to the mod@. With an increase irNg, the dis-  surface charges, which dominate the surface optical pho-
persion branch descends, and an upward dispersidssat non, operate to intensity, whereas the induced internal
=0 cm 2 changes into a warped dispersion. At our consid-chargesdp due to the presence of carriers act to reduce it.
erably high carrier concentration, the dispersion is weak, an@his indicates that the induced chargishave the screening
the downward shift is small, compared with those of theeffect on the surface optical phonon governedoby
modeA with strong plasmon character. (i) The screening ofp on o operates less effectively, as
(i) The coupling character of the mod® is in sharp N increases at ead value, or asQ becomes larger withlg
contrast to that of the modA. In spatial variation along fixed.
X,0pe(X,2) is in an antiphase relation witbpp(x,2z), and (i) The mode energy becomes very closéeito, o in a
SpeL(x,2) has a larger amplitude, whilep(x) is coherent  small Q region atNg=0 cm 2. The decline in the screening
with ogg(x). This coupling character remains unchangedeffect in (i) leads to a gradual downward shift in the mode
with change inNg. The predominance afpg, over dppy in energy towardi wgpy, Namely, the surface optical-phonon
amplitude underlies various similarities of the mdsiéo the  energy in the absence of carriers.
modeA in energy dispersion and in spatial structure. At our (iii) The decline in the screening effect (i entails a
considerably high carrier concentration, the above variatiomemarkable increase in the surface energy-loss intensity.
in Spg(X,2) and that inSppy(X,2) tend to cancel out each (iv) From an experimental standpoint, the downward shift
other significantly. in the mode energy ifii) is too small to observe. The virtu-
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ally undetectable shift in the mode energy (in) and the (vii) As Q becomes larger wittNg fixed, the screening
noticeable increase in the loss intensity(iin) account for chargesdp start to extend into the deeper region, and the
the experimental result that the middle loss peak in the EEldragging character ifv) begins to decline, as is consistent
spectrum grows conspicuously without any substantial shiftwith the attenuation in the screening effect.
with an increase ilNg, or with a decrease in the incident-
electron energy.

(v) Regardless ofNg, contour lines ofép(x,z) exhibit ACKNOWLEDGMENTS
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